Abstract. Determining the optical polarization properties of a skin lesion is a proposed method to differentiate melanoma from other skin lesions. We developed an in vivo Stokes polarimetry probe that fires a laser of known polarization at the skin and measures the Stokes parameters of the backscattered light in one shot. From these measured Stokes parameters, we can calculate the degree of polarization (DOP). Through testing on rough skin phantoms, a correlation between backscattered DOP and skin roughness was identified for both linear and circular input polarization, the latter of which was found to be more useful. In a pilot clinical trial of 69 skin lesions in vivo, it was found that the mean DOP for melanoma (linear input on melanoma: 0.46 AE 0.09) was greater than that of other lesions (linear input on all other lesions: 0.28 AE 0.01). This separation is greater for circular polarized input light, and it is likely that circular polarized light's greater sensitivity to surface roughness contributes to this result. In addition, all skin lesions demonstrated a stronger depolarizing effect on circular polarized light than linear polarized light. We have identified DOP as a potentially useful measurement to identify melanoma among other types of skin lesions. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Introduction
Skin cancer is the most common form of cancer in North America, Australia, and other predominantly fair-skinned populations worldwide, and the incidence of skin cancer has been rapidly increasing over the past several decades. 1 Skin cancer is typically divided into melanoma and nonmelanoma subcategories. The majority of nonmelanoma skin cancers are keratinocyte carcinomas, namely basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), both of which can often lead to disfigurement and further complications if left untreated. 2 Malignant melanoma (MM) is associated with a significantly higher mortality rate than keratinocyte carcinoma. There is strong correlation between prognosis and melanoma tumor thickness within the skin, highlighting the importance of early detection and treatment for improving patient outcomes and survival. 3 Polarimetry has been an increasingly popular method of optical measurement in recent years. In the biomedical field, polarization has been applied to reduce glare in clinical photography, 4 increase sensitivity to collagen in confocal microscopy, 5 and measure birefringence in optical coherence tomography. 6 Of particular interest is direct polarimetry for cancer screening and diagnosis. This has been typically approached with a Mueller matrix model, in which the diagnostic parameters of tissue are determined by the degree to which input polarized light is altered. As a growing field, there is a large variety of established and developing instrumentation in the field of tissue polarimetry. 7, 8 Common among polarimetry techniques is the preference for polarization state analyzers and generators that do not require mechanical actuation, which allows for faster in-vivo measurements. This can be achieved using components such as photoelastic modulators 9 or liquid crystal variable retarders. 10 The simplest measurement methods include polarimetric probing, 11, 12 which use one-dimensional intensity measurements to calculate polarization properties. Methods become more complex in Mueller matrix imaging, 13 which requires the acquisition of 16 images, one for each Mueller matrix element. These images are analyzed for specific polarization properties through Lu-Chipman decomposition 14 or further extended formalisms. 15 The dominant polarimetric effect in tissue is depolarization, whereby the polarization (DOP) of an optical wave packet becomes randomized due to the stochastic nature of tissue scattering. 16 The degree of polarization (DOP) is the simplest polarimetric property to quantify because it only requires a Stokes vector for its calculation. DOP is noteworthy as an optical measurement for skin tissue analysis due to the relationship between DOP and surface roughness. Inspired by industrial surface roughness measurement techniques, Tchvialeva et al. 17 proposed polarization speckle imaging for skin cancer screening. This study found that the speckle contrast and the depolarization ratio of Stokes parameters S 1 ∕S 0 , were promising differential features between cancerous and benign lesions due to its correlation to surface roughness. This study measured the mean roughness of a range of potentially suspicious skin lesions and noted that MM and nevus (benign moles) were both smoother than other lesion types. However, as roughness was this study's key measurement, it was unable to distinguish similarly smooth nevi from melanomas, which is a crucial task as they often appear visually similar.
In this paper, we demonstrate a proof of principle for using DOP as an in vivo metric to differentiate melanoma from other skin lesions irrespective of surface roughness. We have recently developed a handheld Stokes polarimetry probe that is capable of one-shot, rapid, in vivo DOP measurements with both linear and circular input polarizations. This device is designed to measure a complete Stokes vector while also being portable and cost-effective for clinical adoption. This probe and some of the results of its testing reported here were previously discussed at SPIE Photonics West 2018. 18 In this paper, the relationship between DOP and surface roughness is demonstrated through the testing of this Stokes polarimetry probe on four different rough skin phantoms. These results show that DOP can differentiate the phantoms based on their optical properties independent of surface roughness. This was followed by a preliminary clinical trial on both cancerous and noncancerous skin lesions in vivo, using the same Stokes polarimetry probe to measure DOP.
Methods and Instruments

Stokes Vector
Polarization is the orientation of a light wave, which includes linear, elliptical, and circular states. The polarization state of light is formalized using a 4 × 1 Stokes vector S as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 4 4 1 S ¼ 2 6 6 4
Each of the Stokes vector parameters corresponds to the relationship between two orthogonal states of polarization. Using a Cartesian reference frame, an incident beam of light can be defined in a wave equation in terms of horizontal X and vertical Y axis components, while propagating in the Z direction. S 0 is the total intensity of light and can be calculated as sum of any two orthogonal components. S 1 is the difference in intensity between horizontal and vertical linearly polarized components, S 2 is the difference in intensity between linear polarized components þ45 deg and −45 deg from the horizontal, and S 3 is the difference in intensity between right-and left-hand circular polarized components.
The Stokes parameters can be quantitatively described using six different intensity measurements taken with ideal polarization filters: I H (horizontal, linear), I V (vertical, linear), I P (þ45 deg, linear), I M (−45 deg, linear), I R (right-hand circular), and I L (left-hand circular). These relationships are shown in Eq. (2) which defines the Stokes parameters:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 1 7 5
Note that the formalism described here for circular and elliptical polarization is from the perspective of the source. For ease of analysis, the Stokes vector is often normalized such that each Stokes parameter is divided by S 0 . This brings S 0 to 1 while correspondingly reducing the other parameters.
As demonstrated by Collett, 19 the Stokes vector can be derived with only four measurements using a single circular polarizer at different rotations. A linear polarizer followed by a quarter-wave plate, with the polarizer's transmission axis at 45 deg from the waveplate's fast axis, can act as a linear polarized filter when receiving light from the polarizer side and a right-hand circular polarized filter when receiving light from the waveplate side. This combined filter can be rotated and flipped successively to act as the above-mentioned I V ; I P ; I M , and I R filters, and from these measurements the complete Stokes vector can be calculated since the sum of any two orthogonal polarization components are equal as in Eq. (3). This relationship and subsequent derivation of the Stokes vector in four parameters are shown in Eq. (4): E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 5 6 5
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 3 3
This technique of using a single circular polarizer sequentially can also be applied to using four identical filters and four detectors simultaneously, which underlies the polarization methodology for the probe in this study. The inclusion of four filters eliminates the need for mechanical rotation of a filter and allows for a one-shot measurement as opposed to multiple serial measurements.
We can determine depolarization by calculating the DOP from the Stokes vector, defined through Eq. (5). DOP is a value between S 0 and 0, and for a normalized Stokes vector the DOP is a percentage value of uniform polarized content within a given wave packet: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 3 2 2
Stokes Polarimetry Probe
Measurements in this study were taken by a handheld Stokes polarimetry probe, the design of which has been previously reported. 18, 20 Briefly, the probe fires a laser diode with known polarization at the skin and measures the backscattered light that returns.
The laser diode has a peak wavelength of 663 nm (ThorLabs HL6545MG). It is collimated to a diameter of 1 mm, and each measurement is taken through a 1-ms exposure. The incident power on the skin is 63 mW, which is within exposure limitations while also offering a backscattered signal with a detectable intensity. This short exposure also helps to lessen the effect of movement artifacts on the output. For this study, the laser's initial polarization was set to being linear and right-hand circular. Linear polarization was set using a wire-grid linear polarizer (ThorLabs WP12L-VIS) with the transmission axis set to a reference 0 deg. Circular polarization was set by adding a quarter-waveplate film (Bolder Vision Optik) after the wire-grid
Journal of Biomedical Optics 125004-2 December 2018 • Vol. 23 (12) polarizer with the fast axis set placed at 45 deg from the reference. The backscattered light is collected by four photodiodes equipped with film polarizing filters (Bolder Vision Optik) to measure a complete Stokes vector, using the Collett method as described in Sec. 2. The photodiodes (ThorLabs FDS100) have an active area of 3.6 mm × 3.6 mm. They are symmetrically placed radially around the source, and oriented parallel to the target plane under the assumption that the backscattered field is uniform for each photodiode. The measurements of the four photodiodes are averaged over the duration of the laser pulse, and then combined to generate a Stokes vector.
The backscattered light that emerges from the tissue forms a polarization speckle field due to the interference within the backscattered partially coherent light. This field expands conically, 21 and the photodiode detectors are placed far enough away (10 cm) to allow for the collection of a uniform speckle field. The detectors measure the spatial average intensity of this speckle pattern, with the Stokes vector and DOP measurements being derived from this average intensity, which is indicative of the bulk polarization behavior. In as of yet unpublished validation testing, the device demonstrated 1.1% standard error in DOP measurements of ideal polarized light. This is attributed to probe misalignment errors and nonideal circular polarizing film. The probe requires an equal intensity of light to reach each of the photodiodes for accurate polarization measurements. There is also a slight incompatibility between polarizing film intended for monochromatic light and the multispectral profile of a laser diode. These errors were determined to be minor enough to not significantly affect DOP measurements and future iterations of this device will improve upon these errors. In addition, full imaging and spatial analysis of polarization speckle patterns, as opposed to the average measured here, may offer additional information and will be the focus of ongoing study.
The probe head is shown in Fig. 1 . The conical front of the probe is placed and sized to ensure that the detectors are fixed 10 cm away from the target site, and the interior is coated in antireflective velvet. This head is connected to a circuit and a computer for data collection. The software is programmed in a National Instruments LabVIEW system.
Skin Phantoms
The rough color phantoms in this study were constructed as per a previously published recipe. 22 Roughness was controlled by curing the resin mixture over a metal roughness comparator (Microshurf #334 comparator, Rubert+Co Ltd., Cheadle, United Kingdom) with seven rough surfaces. The root-mean-square roughness Rq values, ranging from 1 to 64 μm, were within the order of previously reported human skin roughness. [23] [24] [25] [26] The phantom roughness was confirmed by a WYKO NT2000 optical profilometer (Veeco, Tucson, Arizona) with vertical resolution of 0.05 μm, lateral resolution of 0.5 μm, and standard error of 10%. Each phantom contains seven zones of different surface roughnesses, of which six were tested by the Stokes polarimetry probe: 2.2, 4.5, 9, 18, 34, and 68 μm.
The matrix of the phantoms was constructed using SmoothOn brand MoldMax 10T silicone which came as a viscous resin, accompanied by a curative that causes the silicone to cure at room temperature. Silc-pig silicone pigments (Smooth-On, Inc.) were added as absorbing particles. These liquid pigments came in nine colors and create a homogeneous colored solution when mixed with silicone resin; human skin color can be replicated using the proper combination and concentration of pigments. The reduced scattering coefficient μ 0 s and absorption coefficient μ a of the phantoms were determined using a red diode laser (B&WTek Flex, 5 mW, λ ¼ 663 nm) according to the integration sphere approach, 27 while a ballistic photon detection technique 22 and the inverse adding-doubling software from the Oregon Medical Laser Center were applied to calculate the anisotropy g of the phantoms. 28 Table 1 Table 1 also reports published optical properties for normal skin, the benign lesion SK, BCC, SCC, and MM.
29, 30 The phantoms' absorption is in line with the published values; however, scattering tends to be lower than the published values.
Results
Skin Phantom Measurements
For each of the roughness zones on the skin phantoms, the Stokes polarimetry probe measured the DOP of backscattered light for both linear (DOP L ) and circular (DOP C ) input polarizations. These measurements of DOP versus roughness are reported in Fig. 2 , including trend lines. Consistent with previous studies of depolarization and roughness, 17 increasing roughness has a stronger depolarizing effect. Figure 2 shows the relationship between DOP and surface roughness, the trend of which can be modeled with a log function DOP ¼ m · logðRÞ þ C. The parameters m and C are constants determined by optical properties and R is the surface roughness. The parameter m is indicative of the trendline's curvature, with higher absolute values indicating a greater slope that represents higher sensitivity to roughness. The parameter C indicates the relative height of the curve and relates to the overall DOP. Comparing the trend lines between the DOP L and DOP C results, the average m of the trendlines is −0.078 for DOP L and −0.098 for DOP C , suggesting that DOP C is more sensitive to roughness than DOP L . In addition, circular polarized light is more strongly depolarized by the phantoms than linear polarized light at each roughness as indicated by the mean C of the trend lines, 0.58 for DOP L and 0.53 for DOP C .
Also by inspecting these trendlines, the curves followed by each phantom appear to differentiate by the parameter C. This difference between phantoms is likely due to their different optical properties independent of roughness. This finding reflects polarimetric sensitivity to volume scattering and absorption, which are therefore important to measure as these are the properties that would differ more between cancerous and benign lesions than surface roughness.
Clinical Evaluation of Skin Lesions In Vivo
This pilot clinical trial was performed with volunteer patients at the Vancouver General Hospital Skin Care Centre in Vancouver, Canada. The study was approved the University of British Columbia research ethical board, H06-70281. We measured 69 lesions in vivo across 47 patients. Lesions were identified by a dermatologist, and if suspected to be cancerous, their diagnoses were confirmed through histological analysis following a biopsy. Lesions were grouped into seven categories: MM, benign nevus (BN), BCC, seborrheic keratosis (SK), SCC, actinic keratosis (AK), and other benign lesions (OB). The nevi were atypical on observation and biopsied on suspicion of cancer. The OB category included dermatofibroma, lentigo, neurofibroma, cherry angioma, and scar tissue. Each lesion was measured, and the DOP L and DOP C were calculated for each. The five lesions in the OB category were omitted from analysis, as it contains a variety of individual lesion types that should not be analyzed together. In addition, lesions were also excluded from averaging due to device malfunction errors such as the mislabeling of input polarization, or probe misalignment leading to nonuniformity between the four photodiodes. For linear polarized input light, 1 BCC was excluded for this reason. For circular polarized input light, five lesions were excluded: 1 BCC, 1 SK, 2 SCC, and 1 AK. Finally, the probe was constructed take measurements from a normal direction to the lesion surface, and measurements taken from body sites that were not relatively flat, such as the ear and nose, were also excluded. Four data points were excluded for both input polarizations for this reason: 1 BN, 2 BCC, and 1 SCC. This protocol filtered the results down to a total of 59 lesion measurements with linear polarized input light and 55 lesion measurements with circular polarized input light. The final counts are shown in Table 2 , which also summarizes the mean and standard error of the collected measurements of all tested lesion types. Figure 3 visualizes this data and to demonstrate the effect of roughness on DOP in these measurements the lesions are sorted in order of mean roughness from smoothest to roughest. The roughness values were determined through a study of lesion roughness using the depolarization ratio. 31 The report on the thorough analysis of mean surface roughness and skin lesion types is under preparation. For this paper, we used only the relative ranks of lesion roughness, such as MM tending to have the smoothest surface and AK tending to have the roughest among the studied lesion types. These rankings agree with the common notion of roughness among most dermatologists.
The most striking observation in these results is the greater mean DOP L and DOP C for melanoma over any other lesions.
Noting the standard errors, the measured mean DOP L for MM (0.46 AE 0.09) and BN (0.31 AE 0.06) are distinguishable by a small margin, while the measured mean DOP C for MM (0.45 AE 0.10) stands clearly separate from BN (0.18 AE 0.03). For both input polarizations, MM is distinguishable from the mean DOP values of all other lesions combined. In clinical practice, melanoma is identified as smoother than other skin lesions, which may be the predominant reason for this difference. Another relevant observation is the pattern across all lesions that the DOP C is lower than the DOP L , and the difference between the two may communicate a relevant measurement. These findings are the basis for further investigations into the effect of skin lesions on polarized light.
Limitations and Conclusions
Trial Limitations
The Stokes polarimetry probe was designed with compact size and cost-effectiveness in mind. While testing on skin phantoms in a controlled setting yielded reasonable results, clinical testing revealed that a more robust polarimetric measurement system will be required. For example, parallel alignment of the detector plane to the target surface is especially crucial to ensure symmetry among the four free-space detectors, and this is disrupted by probe misalignment due to any possible angled orientation with respect to the lesion. Designing a more rigorous alignment method in the probe or including measurement checks for alignment errors will be necessary. Reducing the impact of error caused by field nonuniformity could potentially be improved using a different four-filter scheme. As proposed by Hsu et al., 32 taking four measurements in equidistant polarization states using elliptical polarizers will better balance against errors.
The skin phantoms measured in this study replicate the roughness and absorption properties of skin lesions and were found to have consistently lower scattering coefficients. This was intentional, as surface roughness has the predominant effect on DOP. Creating phantoms to additionally replicate the scattering properties of skin is a nontrivial task and may be the subject of future study. The clinical trial presented here was a proof of principle field test of the probe and the potential utility of DOP measurements. While the difference in DOP for melanoma is notable, a low number of melanoma and nevus lesions were measured, and this is too small a sample size to perform a valid statistical significance test. More extensive clinical testing in the future, with a greater number of lesions and an updated device, will be required to validate a clinical claim.
Conclusions
The DOP is shown to be a potentially useful diagnostic property to identify melanoma among other types of skin lesions. A oneshot Stokes polarimetry probe was used to analyze the polarimetric properties of skin lesions in vivo by measuring the Stokes parameters of backscattered laser light in both linear and circular initial polarization.
Through trials on rough skin phantoms, it was demonstrated that there is a correlation between backscattered DOP and skin roughness. This correlation exists for both linear and circular input polarization and was found to be a more sensitive metric using circular polarized input. In addition, the optical properties of the skin phantom's volume such as absorption and scattering allowed for the differentiation of skin phantoms through DOP independent of surface roughness. In a pilot clinical trial where a variety of cancerous and benign skin lesions were tested in vivo, it was found that the DOP for melanoma lesions was measured to be greater than that of other lesions. This separation is greater for circular polarized input light, and it is likely that circular polarized light's greater sensitivity to surface roughness contributes to this result. In addition, skin lesions appear to have a stronger depolarizing effect on circular polarized light than linear polarized light, as demonstrated by a lower mean DOP for circular polarized input light across all lesion types evaluated.
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